We analyse classical string configurations with non-trivial transverse dynamics in AdS5-Schwarzschild. These strings develop kink-like structures which, via the gauge/gravity duality, can be interpreted as the propagation of hard gluons produced in association with a quark-antiquark pair in a strongly coupled N = 4 SYM plasma. We observe the appearance of two physically distinct regimes of the in-plasma dynamics, depending on whether the medium is able to resolve the transverse structure of the string prior to its total quench. From these studies we extract the medium resolution scale of the strongly coupled SYM plasma, defined as the smallest angular separation between two jets that the medium can resolve, θres = Cres(E/ √ λT ) −2/3 , where Cres = Γ(5/4) 2 . Our analysis constitutes the first study of proxies for three-jet events in a holographic context.
1. Introduction. Three-jet events have a prominent role in our understanding of QCD. Since their first observation in the annihilation of e + e − pairs into two quark jets and one gluon jet, this type of events have been crucial to prove the existence of gluons, measure their spin, as well as determine α s (see [1] for a recent review). Three-and other multi-jet events are also copiously produced in high energy hadronic collisions, including proton-proton and Pb-Pb collisions at the LHC.
In the latter type of collisions, jets are an important diagnostic tool [2] [3] [4] [5] [6] . In the aftermath of those collisions, both at RHIC and the LHC, small amounts of quarkgluon plasma are formed [7] [8] [9] [10] . The experimental study of this plasma indicates that it may be best understood as a strongly coupled liquid with no quasiparticles. LHC data has also revealed that this plasma interacts significantly with single and di-jet pairs that propagate through it [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . First measurements of three-jet events in the plasma, in the form of neighbouring jets, have been reported in [26] .
Given the difficulty of understanding the strong coupling limit of QCD, the gauge/gravity duality [27] has emerged as a powerful tool to analyse the dynamics of strongly coupled non-abelian plasmas [28] . In this letter, we employ the duality to simulate three-jet events produced in N = 4 SYM plasma at strong coupling. We will use this computation to address a simple question: what is the minimum angular separation between two jets that traverse the plasma simultaneously and are resolved by the medium? This is an important phenomenological question to understand Pb-Pb jet data at the LHC [29] . We will confront our results with analogous computations at weak coupling [30] [31] [32] [33] [34] . 2. Three-jet events in holography. In the holographic dual of N = 4 SYM at infinite 't Hooft coupling (λ → ∞), energetic massless quarks are described by classical open strings attached to probe D7 branes which fill the entire AdS 5 bulk spacetime [35] . The string endpoints are dual to quark-antiquark pairs on the field theory side. This setup has been used in [36, 37] to simulate the dynamics of a dressed light quark-antiquark pair that has undergone a hard scattering by considering an initially pointlike open string created close to the boundary with endpoints that are free to fly apart and fall, as a consequence of the bulk gravitational force.
The field theory dual of such falling string configuration corresponds to a localised quark-antiquark pair surrounded by soft gluonic fields, which are represented by parts of the string away from the endpoints. In this paper, we will supplement such string configurations with an additional, localised structure on the string worldsheet. This structure evolves into a kink-like formation in which the string doubles back on itself, a natural holographic proxy for a hard gluon in the dual gauge theory [38] . Therefore, this string configuration mimics a threejet event in the dual theory.
To generate such strings configurations, we consider pointlike strings with a non-trivial transverse structure. Parametrizing the string worldsheet by σ a = (τ, σ), the embedding functions X µ (σ a ) describe the motion of the string in the bulk spacetime with metric G µν . The gravitational dual of thermal N = 4 SYM is AdS 5 -Schwarzschild, whose metric in Poincaré patch reads
where L is the AdS radius, the blackening function is
H , with z H the position of the horizon, and the boundary is located at z = 0. The temperature of the dual field theory is given by T = 1/(πz H ).
The dynamics of the classical string are governed by
where Γ κ µλ are the bulk Christoffel symbols, and P Pointlike strings are obtained by demanding
where z 0 is the radial distance from the boundary at which the string is created, which is dual to the typical size of the excitation in the gauge theory. In the stretching gauge of [36, 37] we choose the initial conditions:
where
2 is a normalized Gaussian. The forms ofẋ(0, σ) andż(0, σ) are identical to those of [37] , with parameter A controlling the amount of energy in the string. The transverse profileẏ(0, σ) is characterised by parameters µ i and σ i . The constants Q and w are chosen such that the total momentum in the y direction vanishes and the boundary conditions are satisfied; N is chosen such that the ratio of the momenta in the y and x directions of the σ = 0 endpoint is B/A. Following [36, 37] , we numerically solve Eqns. (2), with initial conditions (3) and (4). In the high energy limit, we observe two distinct behaviours of the string dynamics depending on the values of A, B and z 0 .
In Fig. 1 we show the time evolution of one such threejet string. Since our choice of initial conditions (4) constrains the transverse dynamics to the right (x > 0) direction, the string propagating to the left (x < 0) is identical to the strings studied in [37] . In contrast, the right-moving string develops a kink-like structure, signaling the formation of a gluon. After some time, a part of the string between the endpoint and the kink reaches the horizon while these two points are still at a finite radial distance from the horizon, which allows them to propagate further. In the dual theory, this configuration leads to two well localised excitations disconnected from one another, as clearly seen in the upper panel of Fig. 2 . We will call this configuration the resolved case.
The second distinct behaviour is represented in the lower panel of Fig. 2 . Here, the ratio B/A and the initial radial depth z 0 are kept the same as in Fig. 1 , corresponding to the same angle between the kink and the endpoint, θ qg , while the energy is increased. In this case, a kink-like structure also forms, but the string connecting the endpoint and the kink falls towards the horizon together with these two points. In the dual theory, the excitation induced by the string in the plasma is broad in the y direction and it does not separate into two well localised excitations. We will refer to this configuration as the unresolved case.
These distinct configurations lead to different energy loss rates in the plasma. For falling strings, such rate
Radial stopping distance of the right (x > 0; solid curves) and the left (x < 0; dashed curves) endpoint of the three-jet string from Fig. 1 as a function of energy of the right and left halves of the string, respectively, for a fixed angle θqg and several z0. The dashed lines indicate the maximum stopping distances for a particular z0.
is characterised by the maximum stopping distance as a function of the string energy [39] . In Fig. 3 , we show a comparison of the stopping distances of the left and right endpoints as functions of the total energy of the left and right halves of the string, respectively. The stopping distance of the left endpoint is identical to that of the falling strings studied in [37] . This is not the case for the right endpoint. At low energies, the stopping distances of both endpoints exhibit identical energy dependence, indicating that the right part of the string is unresolved and the dynamics of the right endpoint is independent of the transverse structure. At intermediate energies, and for sufficiently small z 0 , the relation between the stopping distance of the right endpoint and the string energy depends on the string's transverse profile; these strings correspond to resolved configurations. At very high energies, the strings again become unresolved as a consequence of the saturation of stopping distances. 3. The medium resolution scale. Based on the previous discussion, we may look for resolved and unresolved cases by computing the ratios of the stopping distances of the two endpoints with respect to the corresponding energy for different θ qg and different z 0 . This is shown in Fig. 4 , where we see that, for a fixed angle, at low enough energies the system is unresolved. In this way, we may define the medium resolution scale, θ res , as the smallest angular size of a quark-gluon system with a given energy that a non-abelian plasma of infinite extent can resolve. For high energy jets θ res may be determined from Eqs. (2). We choose the gauge τ = t and σ = θ, the angle in the x − y plane. We will focus on strings with z 0 z H , which propagate for a long time prior to falling into the horizon, in order to emulate production of threejet events by processes much harder than T . This implies that the string stays at z ∼ z 0 for a long time, which allows us to approximate the blackening function f (z) ≈ 1 for most of the propagation of the string. In the high energy limit of large A and B from (4), most of the energy is assigned to the motion in the x and y directions, resulting in a radial expansion of the string in the x − y plane approximately at the speed of light,
while, during this time, the string motion in the z direction is subleading, in the sense that z x , y [40], where ≡ ∂ θ . With these assumptions, the relevant worldsheet currents in the h ab = γ ab gauge read
with ε approximately constant, as a consequence of Eq. (2). The only non-trivial equation of motion (2) is
where we have again assumed z z H . The first term on the right hand side of (7) is the result in AdS 5 , and the second term is the leading small-z correction arising from the non-trivial blackening function f (z). For vacuum jets, z H → ∞, and (7) can be solved via the scaling z(t, θ) = z 0 F (t/τ form (θ)), with F a numerically determined function. Since the initial conditions (4) lead toż(0, θ) = O(1/A), at high energies we havė F(0) = 0. At early times t τ form , z remains constant, independent of the angle; at late times t τ form ,Ḟ asymptotes to a constant, leading to a fixed velocity in the z direction,ż → v ∞ z (θ). Since z is dual to the typical size of the excitation in the gauge theory, in this regime the angular size of the excitations induced by each string bit is v ∞ z (θ). Both of these scales are determined by the energy per unit angle in the string, ε(θ):
(8) where C ≈ 1.29 and where we used √ λ = L 2 /α . To have a well defined quark-gluon string as in Fig. 1 , ε(θ) needs to have a U -shaped form, with a local minimum at some θ min between the endpoint and the kink. This ensures that at t τ form , the velocity v ∞ z (θ min ) is maximal. Since v ∞ z (θ) determines the angular size, the requirement that the quark and the gluon excitations are separated in the gauge theory imposes that the velocity of both the endpoint and the kink must be smaller than θ qg . Similarly, imposing v ∞ z (θ min ) θ qg ensures that the excitation associated with the string away from those points does not overshadow the contribution of the localised quark-gluon excitations. This is similar to the contribution of inter-jet soft radiation in QCD.
In the presence of a black brane, highly energetic strings can fall into the horizon prior to τ form . In those cases, the second term in (7), which is independent of ε, dominates the dynamics. Therefore, the entire string between the endpoint and the kink falls into the horizon at the same time, leading to an unresolved string. Constraining τ form > x stop , with
H /z 0 , the maximal stopping distance of a geodesic initally parallel to the boundary at z 0 z H , the angle of those unresolved strings satisfies
where E qg is the energy in the string between the endpoint and the kink, which is always smaller than E, the energy of the entire right half of the string. Figs. 3 and 4 show that the resolution angle depends on z 0 ; the smallest possible angle that a resolved quark-gluon system of energy E can have corresponds to z 3 0 * = √ λz 2 H /(2πE), the value at which the energy dependent stopping distance of a jet saturates its maximal geometric limit [41] . Therefore, the jet resolution angle is
In Fig. 5 we confront this result with the resolution angles extracted from numerical simulations of the three-jet strings with several different sets of initial conditions. The resolution angle of strings with τ form x stop is also controlled by θ res . In this case, the second term in (7) becomes important after the string reaches its asymptotic v distance of any string bit equals the stopping distance of a jet carrying the entire energy of the quark-gluon system. Since for well defined three-jet strings, v ∞ z (θ min ) < θ qg , these strings will be resolved as long as θ qg θ res . 4. Discussion. As we have shown, in the infinite coupling limit of N = 4 SYM, θ res exhibits a characteristic E −2/3 scaling with the jet energy. This differs from the scaling expected in perturbative computations. By identifying the coherence length of a dense perturbative QCD plasma τ coh [33, 34] with the stopping distance of a jet, ∆x [42] , the perturbative resolution angle scales as θ pQCD res ∝ E −3/4 [43] . It would be interesting to understand whether the different scaling power is generic of strong coupling by, for example, exploring different holographic duals. The framework we have developed can be easily extended to those constructions.
The picture that emerges from this study is much like in pQCD [29] . Even at strong coupling, the interaction of energetic jets in non-abelian plasma may be organised in terms of effective energy loss sources. As we have shown, a coloured excitation of opening angle smaller than θ res interacts with the strongly coupled medium as a single coloured object, while well defined three-jet excitations are resolved above this scale. In the latter case, the formation of quark-like and gluon-like strings observed in Fig. 1 suggests that sufficiently resolved multiple jets may lose energy as independent excitations. This picture also suggests a possible route to help constrain the dynamics of the QCD plasma from LHC data. Fluctuations of the energy loss pattern may be used to extract θ res by correlating these fluctuations with the subjet distribution of reconstructed jets or with the number of neighbouring jets as in [26] . Further phenomenological studies are needed to gauge the sensitivity of these measurements to this important medium scale.
